Efficient nuclear delivery of plasmid DNA represents a major barrier in nonviral gene transfer. One approach has been to use DNA-binding proteins such as GAL4 from yeast as DNA carriers with nuclear targeting properties. We recently showed, however, that GAL4 is inefficient in targeting DNA to the nucleus because its DNA-binding and nuclear targeting activities are mutually exclusive, which relates to the fact that GAL4 nuclear import occurs via a novel pathway. Here, we 'switch' this pathway to a more conventional one by adding a modified poly-lysine to which an optimized nuclear targeting signal, based on that of the SV40 large Tantigen, is linked. We also use a chimeric GAL4-␣-melano-
Efficient delivery of therapeutic genes to specific cell types is a long-term goal in gene therapy. This can be achieved through the use of ligands or antibodies as part of the transfecting vehicle so that only target cells expressing the specific receptor/antigen take up the therapeutic gene via endocytosis. Cell-surface receptors such as transferrin, [1] [2] [3] asialoglycoprotein, 4 ,5 fibroblast growth factor-2 6 and mannose 7, 8 have been used in gene transfer experiments, where the receptor-specific ligand is usually coupled to a DNA carrier. Examples of the latter which have been employed include polylysine (pLy) 3, 9, 10 or polyethylenimine, 11 both of which complex with plasmid DNA through charge interaction, or the DNA-binding domain (DBD) from a transcription factor such as GAL4 from yeast, that recognizes a specific sequence within the plasmid DNA to be delivered to the target cell. 12, 13 The GAL4 DBD (amino acids 1-147) possesses nuclear targeting activity, 14 leading to the suggestion 12, 13 that it may be useful in gene delivery through facilitating the nuclear delivery of transfecting constructs. We have shown, however, that the nuclear targeting and DNA binding functions of GAL4 are mutually exclusive. 15 Instead of being recognized by the nuclear localization sequence (NLS)-binding importin ␣ subunit of the cyte stimulating hormone (MSH) fusion protein to enable gene transfer to cells expressing the MSH receptor. Switching the nuclear import pathway of the transfecting complex significantly enhances receptor-mediated gene transfer through enabling interaction with desired components of the cellular nuclear import machinery. The present study represents the first demonstration that nuclear targeting signals can enhance receptor-mediated gene delivery, the approaches having important relevance to research and clinical applications, such as in generating transgenic or knock-out animals, or in gene therapy. Gene Therapy (2001) 8, 166-171.
importin ␣/␤ heterodimer, a necessary initial step in conventional nuclear import of NLS-containing proteins, 16 GAL4 is recognized instead by importin ␤. Furthermore, binding of GAL4 to its specific DNA recognition sequence inhibits importin ␤ binding and vice versa. 15 Since importin and DNA binding are thus mutually exclusive, GAL4 is unable to enhance gene delivery with high efficiency. 15 In this study, we set out to overcome the above problems by including an additional NLS, that of the simian virus SV40 large tumor antigen (T-ag) which is specifically recognized by importin ␣/␤ and not importin ␤.
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In addition, we wanted to use receptor-mediated gene delivery, and to this end, derived plasmid pHis-GAL4MSH encoding fusion protein HGM, which contains the polypeptide ligand ␣-melanoctye-stimulating hormone (␣MSH) fused C-terminal to GAL4 (see Figure  1) ; ␣MSH has previously been used to introduce toxins into melanoma cells via receptor-mediated endocytosis. 19, 20 We initially assessed the recognition of HGM by importins in the absence or presence of DNA using an ELISA-based binding assay. 15, 17, 21 The results indicated that HGM was recognized strongly by yeast (y) importin ␤ (yIMP␤ -apparent dissociation constant (K d of c. 39 nm, Figure 2a and Table 1 ), and only poorly by yeast importin ␣ (yIMP␣). Furthermore, HGM showed a significantly (P Ͻ 0.0004) reduced affinity for yIMP␤ (K d of c. 87 nm, Figure 2b and Table 1 ) when specifically bound to an oligonucleotide (17m) containing the specific recognition site of GAL4, but not when incubated with an unrelated oligonucleotide (SOS). We also assessed the effect of importin binding on HGM-DNA recognition using gel mobility shift analysis as previously, 15 incubation with increasing amounts of yIMP␤ or mouse (m) importin ␤ (mIMP␤) reducing the specific binding of HGM to 17m in a concentration-dependent manner (not shown). The mutual exclusivity of specific DNA-binding and IMP␤ recognition on the part of HGM was thus completely comparable to that of GAL4. 15 That this directly affected nuclear import was demonstrated using an in vitro nuclear transport assay and confocal laser scanning microscopy, 21 where fluorescently labeled HGM accumulated strongly in the nucleus but failed to do so in the presence of 17m (results not shown), indicating that the prevention of IMP␤ binding by specific DNA binding inhibited nuclear import.
B16 mouse melanoma cells which express the ␣MSH receptor 24 were used to assess the ability of HGM to mediate gene transfection. Four micrograms of plasmid pCH110-17m were incubated with varying amounts of HGM before being added to B16 cells. Analysis of ␤-galactosidase activity 48 h after transfection showed that Gene Therapy gene transfection was mediated with maximum efficiency at a molar ratio of HGM to plasmid DNA of 25:1 (not shown). The only moderate maximal increase (Ͻ twofold) in transfection effected by HGM was consistent with it being similar to GAL4 15 in terms of the poor nuclear targeting when specifically bound to DNA.
In order to alter the importin recognition properties of GAL4, pLy to which peptides P101 or P101T comprising the optimized T-ag NLS or NLS mutated version thereof, respectively, were cross-linked (to yield 'pLyP101' and 'pLyP101T'), 3, 25 or pLy itself, were used in combination with HGM-DNA. Importin binding was assessed as above ( Figure 3 ). When complexed with pLyP101 at a Lysine/nucleotide ratio (Ly/Nu) of 0.4 (shown to be the optimal pLy/Nu ratio for transfection -see Ref.
3), 1,3 the HGM-pCH110-17m complex was able to be recognized by mIMP␣/␤ (K d = 13 nm; Figure 3 , see Table 2 ), in stark contrast to in its absence (K d = 88 nm; P Ͻ 0.0001). When complexed with pLyP101T, HGM-pCH110-17m was unable to be recognized by mIMP␣/␤ indicating that binding in the case of the pLyP101-containing complexes was due to the T-ag NLS. HGM-pCH110-17m-pLyP101 was not recognized by yIMP␤ ( Figure 3 , Table 2 ). A complex in which plasmid DNA is bound to HGM, through its specific DNA recognition sequence, as well as to pLyP101 through charge interaction, is thus able to be recognized by IMP␣/␤ through the accessible T-ag NLS of pLyP101.
The ability of the different pLy derivatives to enhance HGM-mediated gene transfer was tested, pLy alone was found to effect a moderate enhancement of both transient and long-term transfection (Figure 4a , b, respectively). pLyP101 enhanced transfection even further, to a threefold greater extent than pLy alone in the case of transient transfection (Figure 4a ), resulting in a transfection efficiency two-fold higher than that effected by pLyP101T and six-fold higher than that conferred by HGM alone. An even greater effect of pLyP101 compared with pLy (over four-fold), and pLyP101T (more than two-fold) was observed for long-term transfection (Figure 4b ), where the level of transfection was more than 10-fold higher than that conferred by HGM alone. Thus, in the case of both transient and long-term transfection, pLyP101 effected a significantly (P Ͻ 0.0055 and P Ͻ 0.012, respectively) greater enhancement than pLyP101T, clearly demonstrating that the T-ag NLS was responsible for the enhancement of transfection through its ability to be recognized by importin ␣/␤ (Figure 3 ) and thereby mediate efficient import.
Control experiments are shown in Figure 4c ; that the transfection observed was mediated by the ␣MSH receptor was demonstrated by the fact that a 100-fold excess of free ␣MSH abrogated the enhancement of transfection by pLyP101. Recognition of the specific GAL4 binding site in the reporter plasmid was shown to be essential for transfection by the fact that a 50-fold excess of free 17m oligonucleotide led to a clear reduction in transfection. Finally, the presence of chloroquine, an agent that inhibits endosomal acidification, 12 ,26 was demonstrated to be required for efficient transfection, in that its absence reduced transfection eight-fold, strongly implying that transfection occurred through an endosomal pathway (Figure 4c) .
Efficient HGM-mediated gene transfection thus requires enhancement through the T-ag NLS linked to HGM was expressed in bacteria and then purified using Nickel affinity chromatography as described previously for HisGAL4 . 15 ELISA assays were performed as described previously in detail, 3, 15, 17, 21 using the NLS-binding yeast ␣ (Kap60 -yIMP␣) and ␤ (Kap95 -yIMP␤) importins, 22 expressed in bacteria as glutathione-S transferase (GST) fusion proteins. 17 Microtiter plates coated with HGM with/without DNA were hybridized with increasing concentrations of yeast importins, 22 bacterially expressed as glutathione-S-transferase (GST) fusion proteins. 15 Bound importin was detected as previously using anti-GST antibodies, alkaline phosphatase-coupled secondary antibodies, and the chromogenic substrate p-nitrophenyl phosphate. 15, 17 The results represent the mean ± s.e.m. for n separate determinations (see also Figure 2a pLy, which facilitates nuclear delivery of the protein-DNA complex subsequent to internalization. Specifically, through conferring recognition by importin ␣/␤ instead of importin ␤, the T-ag NLS 'switches' the nuclear import pathway of the HGM-DNA complex to enable efficient Table 2 . Figure 1) , 15 nuclear delivery and enhancing transfection. That compaction of the plasmid by pLy 3, 25, 27 may also contribute to the increase in gene transfer is implied by the fact that pLy alone enhances HGM-mediated transfection to some extent (see Figure 4 ), but the fact that the functional NLS linked-pLy enhances transfection to a significantly higher extent than the mutated derivative demonstrates that the observed enhancement is predominantly through the facilitation of nuclear targeting. Although previously shown to be incapable of simultaneous nuclear targeting and DNA binding, 15 GAL4 can thus be exploited successfully for gene transfer if used in conjunction with the optimized importin ␣/␤-recognized NLS of T-ag (see Refs. 3 and 25) .
Ninety-six well microtiter plates were coated with HGM (5 pmol per well) and then hybridized with increasing concentrations of importin subunits. Curves were fitted for the function B(x) = B max (1 − e −kx

) where x is the concentration of IMP. Correlation coefficients for the curve fits were not less than 0.97, with K d s indicated and pooled data presented in Table 1. ND, not able to be determined due to low binding. (b) Specific DNA-binding inhibits recognition of HGM by yeast IMP␤. Experiments were carried out using HGM with or without equimolar preincubation with oligonucleotides (17m, specific for GAL4, or SOS, an unrelated 46 base pair oligonucleotide including the DNA-binding site for the E. coli lexA protein) as indicated. The correlation coefficients for the curve fits were not less than 0.98.
Together with our previous study using transferrinfection, 3 the present study represents the first demonstration that NLSs can enhance receptor-mediated gene delivery; the fact that NLSs can enhance gene transfer has now been shown in a variety of different systems. 12, 13, 15, 25, 28, 29 The uniqueness of the system described here is its flexibility in enabling the nuclear import pathway of choice to be manipulated through considered selection of the NLS used. There would appear to be great potential for general use of pLyP101 to enhance receptor-mediated gene transfer, since it can be used in combination with various DNA-binding fusion proteins which may include different ligands. Although the present study implies that nuclear import mediated by importin ␣/␤ is more efficient than that mediated by importin ␤, the use of targeting signals recognized by yet other importins linked to pLy may confer even greater efficiency through enhancing nuclear import. Replacement of the T-ag NLS with the BIB targeting sequence, which is recognized by four different nuclear import receptors, 30 for example, could lead to an even higher increase in nuclear import and transfection efficiency by conferring interaction with multiple nuclear import pathways; this, however, needs to be tested experimentally. The present study indicates that transfection was reduced in the absence of chloroquine (Figure 4c ), clearly indicating that endosomal exit is a limiting step in the pathway of DNA transport to the nucleus subsequent to receptor-mediated endocytosis. Modular endosomal exit signals 13 could be added either as part of the fusion protein or coupled to pLy to obviate the need for chloroquine, and thereby improve the efficiency of nuclear targeting and ultimate expression of targeted genes.
In summary, this study shows that the importinmediated nuclear targeting pathway of a transfecting construct can be switched to enhance receptor-mediated gene transfer. Considered choice of the type of nuclear targeting signal in a transfecting construct should thus enable optimal delivery of the DNA to the nucleus and subsequent expression of encoded gene product(s).
